permanently disassembled by CHRAC, since this factor The catalytic core of CHRAC, the ATPase ISWI, also also catalyzes the ATP-dependent positioning of intact mobilized nucleosomes at the expense of energy.
of nucleosomes and energy minimization of the system striving for maximal charge neutralization while avoiding steric clashes (Fedor et al., 1988) . If nucleosome positioning relied on general mobilization, rather than on a direct contact, it should be independent of the DNAbound factor. To test for such a scenario, we used prokaryotic tetracycline repressors (TetRs) (unlikely to carry histone interaction domains) to create boundaries in chromatin on circular plasmid DNA in an experimental setup reminiscent of the one previously established by .
Efficient binding of TetR to its sites spaced 180 bp apart on free DNA resulted in protection of target sequences from micrococcal nuclease (MNase) cleavage and primer extension footprinting ( Figure 1A incubated the isolated peripheral nucleosome with CHRAC or its catalytic core, the recombinant ATPase ISWI, in the presence or absence of ATP before subjecting the reaction to the electrophoretic mobility shift assay again. In the presence of ATP and CHRAC, the The nucleosome positions were remarkably stable therefore not due to a particular DNA structure (data not shown). during purification, handling, and storage, and even incubation of the isolated nucleosomes for up to 2 hr at The moving of nucleosomes from one position to the other required some time; after 10 min of incubation of 37ЊC at 80 mM KCl and variable magnesium concentrations did not result in an equilibration in nucleosome the peripheral nucleosomes with CHRAC about 50% of the nucleosomes had moved to the central position, but positions (data not shown). This indicates that intrinsic nucleosome mobility (Meersseman et al., 1992) was low complete relocation required about 30 min (Figure 4,  lanes 1-5) . Mobilization of the central nucleosome by under our experimental conditions. In order to see whether CHRAC was able to trigger nucleosome mobility, we ISWI followed the same kinetics (Figure 4, lanes 7-10) . ure 5B, lanes 1-9) served to monitor nucleosome mobility under these conditions: quantitative movement of octamers onto free DNA, whether or not PGA was presnucleosomes by CHRAC from the peripheral to the cenent. We estimate that the very faint bands at the position tral position occurred under all circumstances and was of nucleosomal DNA (labeled with asterisks in lanes 11, not inhibited by the presence of PGA. The parallel reac-16, and 17) represent less that 0.01% of the input fragtions were identical to the first ones except that the ment. Hence, transfer onto free DNA in these reactions radioactive label was not on the nucleosomes, but rather is an extremely unlikely event. , 1996) . In order to see whether this nucleosome particle was even stabilized in the presence of ATP and CHRAC. rISWI had a less pronouced effect was also the case for CHRAC, we assayed for altered histone/DNA interactions on rotationally positioned nuon the digestion kinetics but also stablized the nucleosome somewhat in an ATP-dependent manner (Figure cleosomes under conditions of mobilization. Nucleosomes reconstituted on a 146 bp DNA fragment or the 6B, panels 4 and 5). We conclude from these experiments that nucleosome mobilization by CHRAC does corresponding free DNA were incubated with a nucleosome mobility reaction as in Figure 5B . DNase I digestion not involve overt disruption of the nucleosome particle and that it differs in mechanistic detail from the remodelof the nucleosome yields a characteristic cleavage pattern that differs from the pattern derived from free DNA ing reaction reported for SWI/SNF-like complexes. (Figure 6A .g., Imbalzano et al., 1996) . The absence of appreciable perturbation of nucleosomes was ity dictated by its helix geometry, where it is held by ionic, hydrophobic, and van der Waals interactions. The highlighted by a different kind of experiment. Strings of close-packed nucleosomes were reconstituted by salt sum of these weak interactions renders the nucleosome a particle with remarkable stability. Some DNA segradient dialysis, incubated with CHRAC or ISWI, and then digested with MNase (Corona et al., 1999) . A comquences bend better over the surface of a histone octamer due to their anisotropic flexibility and bent nature; parison of the digestion rate of chromatin in the presence of CHRAC and ATP to the one in the absence those sequences will position nucleosomes rotationally in the absence of any further cues (Thoma, 1992 ). An of the factor was revealing; while the rate of MNase digestion of the nucleosomal array was increased 9-fold example of such a positioning is provided by the rDNA promoter fragment used in our analysis, which contains in a CHRAC-and ATP-dependent manner, the degradation of the mononucleosome that occurs in the absence strong DNA bends that may influence the positioning of nucleosomes (Lä ngst et al., 1997b) . Despite the exisof modular remodeling factors. Remarkably, the outcome of nucleosome mobilization by CHRAC and retence of multiple histone/DNA interactions, nucleosomes combinant ISWI (rISWI) differed profoundly. While CHRAC have been shown to equilibrate between neighboring only induced movements of nucleosomes from the fragpositions at physiological ionic strengths. However, ment ends to center positions, rISWI catalyzed the rethis temperature-enhanced "diffusion" of nucleosomes verse reaction. It is possible that this apparent polarity around a preferred site is limited to clusters of closeof movement reflects the particularities of the assay by positions of identical rotational positioning. Nucleosystem more than the physiological properties of the ensomes will not move outside of such a cluster, presumably zymes involved. Nevertheless, the phenomenon clearly because the activation energy is too high (Meersseman demonstrates that the subunits associated with ISWI in et al., 1991). In our experiments, nucleosomes posi-CHRAC modulate the outcome of the mobilization. ISWI tioned either at the ends of a DNA fragment or at a alone may simply move nucleosomes until they reach central position did not move significantly from these a barrier on DNA. In our artificial situation this may corresites even when they were incubated for extended times spond to a fragment end or otherwise a particularly at 37ЊC. Remarkably, CHRAC was able to mobilize all rigid DNA sequence, secondary structure, or tight DNAnucleosomes bound to fragment ends to relocate to a binding factor. In and even in the presence of large amounts of the artificial transcription factor-binding site), "nucleosome reposihistone chaperone poly(glutamic acid). Our data also tioning" (nucleosomes move to find the optimal distance indicate that CHRAC leaves the histone octamer intact, with respect to a newly introduced chromatin boundary), while affecting histone/DNA interactions in a manner and "chromatin regularity" (nucleosomes move to align that facilitates the relocation of the octamer on DNA with respect to each other). Chromatin that is rendered only in cis. Mobility was characterized by (1) the stability dynamic through nucleosome mobility will be flexible of the histone octamer and (2) the confinement of the to respond to changes in protein/DNA interactions by nucleosome to DNA segments on the same molecule. continuous energy minimizations.
Nucleosome Mobility Does Not
This type of mobility can presently be best described We recently showed that the ATPase ISWI can be by the term "sliding." It is unclear at present how ISWI considered the catalytic core of CHRAC and presumably is able to induce nucleosome sliding, but the availability also other ISWI-containing remodeling complexes, such of a quantitative assay should help to elucidate the unas NURF and ACF (Corona et al., 1999 Figures 2C and 2D 
